ABSTRACT: The advent of telemetry has improved knowledge of the spatio-temporal distribution of marine species of conservation concern. Among the sea turtles, the movements of the hawksbill turtle Eretmochelys imbricata are among the least well described. We tracked 10 adult female hawksbill turtles by satellite after nesting in the Dominican Republic (DR) and describe a dichotomy in patterns of movement: some (n = 2) turtles remained in the DR, while others migrated to waters off Honduras and Nicaragua (n = 5) and the Bahamas (n = 1). Transmitters on 2 turtles failed during migration, before they reached their final foraging grounds. We present results from long tracking durations for 3 turtles, including 3 entire remigration intervals, highlighting foraging ground and nest-site fidelity. Threats to hawksbill turtles are not well documented for Nicaragua or neighbouring Honduras and represent a major information gap. We suggest that directing conservation efforts to regionally important foraging areas, such as those in Nicaragua, and strengthening national conservation in each nation with significant hawksbill nesting offers a clear way forward for the conservation of hawksbill turtles in the region. 
INTRODUCTION
The successful management of marine species of conservation concern is particularly challenging to managers if the species are highly migratory, often necessitating the coordination of a network of nations and their corresponding legal frameworks (Fanning et al. 2007 , Guerreiro et al. 2010 . Fortunately, a boom in the technology required to remotely track individuals has come about in the last 3 decades (Hooker et al. 2007 , Kooyman 2007 , Hart & Hyrenbach 2009 , Bograd et al. 2010 , Block et al. 2011 ). This has allowed unrivalled insights into the movements of animals over months and even years. Such insights have begun to provide a robust framework with which managers can predict the spa tiotemporal occurrence of species of conservation concern. Although management challenges are compounded in the marine realm, where it may be logistically harder to enforce protective measures (Game et al. 2009 ), patterns of distribution for many of the large marine vertebrates have now been described, albeit usually with small sample sizes and often for specific populations. We know perhaps the most about the marine turtles (Godley et al. 2008) , with all 7 species having been tracked.
The hawksbill turtle Eretmochelys imbricata is, however, one of the least understood of the marine turtles. It is usually found associated with coral reefs (Meylan 1988 , Anderes & Uchida 1994 , Hill 1998 , Leon & Bjorndal 2002 , Obura et al. 2010 ) and is of considerable conservation interest (IUCN Redlist, www.iucnredlist.org, accessed 12 August 2010) . Modern populations in the Caribbean are thought to be at relictual levels (McClenachan et al. 2006 ) as a result of hunting and trade in the meat, eggs and keratinous shell plates ('tortoiseshell'; Carillo et al. 1999) . Most international trade ceased with the listing of all species of marine turtles on Appendix I by the Convention on International Trade of Endangered Species (CITES) in 1981. Some legal turtle fisheries still exist in the Caribbean (e.g. Richardson et al. 2006b) , and turtles are also caught accidentally in commercial and artisanal fishery operations (Wallace et al. 2010) . Conservation efforts at nesting grounds, however, appear to be paying off, and increases in hawksbill nesting numbers have been documented in Puerto Rico (Meylan 1999 , Diez & Van Dam 2007 , Antigua (Richardson et al. 2006a ), Barbados (Beggs et al. 2007 ), Guadeloupe (Kamel & Delcroix 2009 ), Brazil (Marcovaldi & Chaloupka 2007) and Seychelles (Allen et al. 2010) . Nevertheless, little information about the spatio-temporal distribution of hawksbill turtles at sea has been published (see Godley et al. 2008 for review).
The Dominican Republic (DR, 18.9°N, −70.7°W) in the Greater Antilles, Eastern Caribbean, hosts regionally significant numbers of nesting hawksbill turtles (Leon & Diez 1999 , McClenachan et al. 2006 , Revuelta et al. 2012 . Hawksbill turtles nest sporadically along the coast of the country, with the marked exception of 2 nesting 'hotspots': Jaragua National Park (in southwestern DR, 5 to 25 nests per year) and Saona Island (Del Este National Park, in southeastern DR, ~100 nests per year; Revuelta et al. 2012) . Direct take of hawksbill turtles (for shell, meat or eggs) is considerable at both major rookeries, and between 20 and 60% of nests are harvested illegally each year at Saona Islands (Revuelta et al. 2012) . When compared with 30 yr ago, current nesting numbers suggest a profound decline has occurred (perhaps as much as 90%; Revuelta et al. 2012 , see also Ottenwalder 1981 . Nothing is known about their postnesting migratory movements and targeted feeding grounds, and tissue samples from the DR have not yet been included in Caribbean-wide genetic studies (Bowen et al. 2007 , Blumenthal et al. 2009a ).
In the present study, we (1) used satellite tracking to locate foraging areas for adult female hawksbill turtles following nesting in the DR, (2) used remotely sensed environmental data to describe their habitat preferences and (3) described the fidelity exhibited by hawksbill turtles to foraging sites, nesting sites and migratory routes. We discuss these findings in the context of regional conservation and management.
MATERIALS AND METHODS

Tracking
Hawksbill turtles were equipped with satellite tracking units in the DR between August and December 2008 (n = 6 Wildlife Computers SPOT5 tags and n = 2 Sirtrack Kiwisat 101 tags) and August and September 2009 (n = 2 Sirtrack Kiwisat 101 tags; Table A1 in Appendix 1) after they were encountered nesting on the beach. A total of 8 turtles were tagged at Saona Island (southeastern DR), 1 at Jaragua National Park (southwestern DR) and 1 at San Pedro de Macoris (South DR). Transmitters were attached to the second vertebral scute of the turtles' carapace using fast-setting epoxy resin and covered with a layer of anti-fouling paint. Transmitter data were downloaded and managed using the Satellite Tracking and Analysis Tool (STAT) from SEA TURTLE.ORG (Coyne & Godley 2005) . Data were subsequently filtered, retaining the best daily location from Argos location classes 3, 2, 1 and A (Witt et al. 2010b) , retaining data with turning angles > 25° (location errors often being associated with acute 'off-track' turning angles), transit speeds < 5 kph and locations over waters >1 m deep (removing locations corresponding to nesting events and erroneous locations on land).
Remotely sensed environmental data describing sea surface temperature (monthly from AVHRR; http://noaasis.noaa.gov/NOAASIS/ml/avhrr.html) and depth (GEBCO; www.gebco.net) were obtained for each location, and the last highest quality location class received each day from each turtle was carried forward to analyses. Summary statistics are the grand median of medians per turtle.
Home ranges
For each turtle, we calculated the distance from the deployment site to each subsequent location (the displacement distance) and plotted these against time ( Fig. 1 , see also Blumenthal et al. 2006 ). This approach shows periods of migration (persistent movement away from the deployment location; as steep increases in displacement) as distinct from sedentary periods (inter-nesting and foraging; nearly horizontal in slope). Foraging and inter-nesting data can then be extracted and used in further analyses. A foraging or inter-nesting home range was only considered valid if the turtle was tracked arriving and remaining at a site for at least 80 d (a 'complete' home range; Hawkes et al. 2011) . We estimated the size of the home range occupied by hawksbill turtles while they were foraging using (1) minimum convex polygons (MCPs) and (2) α-hulls (Burgman & Fox 2003) . MCPs are very simple home-range estimators, drawing the smallest convex polygon that incorporates all of the filtered locations. α-hulls measure the area encompassed in a triangulated network of all data points after accounting for a multiplier of the mean triangle side length (α) and discarding triangles with greater side lengths. While MCPs can include areas of habitat that are probably not used by the animal (Burgman & Fox 2003), α-hulls can objectively remove these areas from the total home range calculation. We generated both MCPs and α-hulls using custom MATLAB programming scripts. Data were mapped in ArcGIS 9.2 (ESRI). For each home range, we also calculated the centroid position, defined as the median latitude and longitude for all filtered location data.
RESULTS
General movements and strategies
Turtles exhibited 2 general patterns of migration ( Fig. 2 ): (1) regional movements within the waters of the DR ('regional' turtles, n = 2) and (2) 'international' movements west to the coastal shelf off Honduras and Nicaragua (n = 5) and north to the Turks and Caicos Islands and northwestward to the Bahamas (n = 1). Transmitters on 2 turtles failed during migration, before they reached their final foraging grounds, with one turtle last located in Jamaican waters 1017 km southwest of the DR and the other turtle last located in Puerto Rico waters 109 km east of the DR.
For 'regional' turtles (Table A1 , Fig. 2a,b) , the location data derived from the attached transmitters (both deployed in 2008) suggested that the turtles had reached foraging areas after migrating for 11 and 14 d, respectively, 304 and 228 km west of their deployment site (the distance from deployment to the centroid of their foraging areas). The turtles travelled at 16 and 28 km per day, respectively. These turtles remained in these foraging sites for 497 and 463 d, respectively, until no more messages were received.
'International' turtles (n = 6; Table A1 , Fig. 2c −j) migrated outside of DR waters, travelling for 44 d (mean value, range: 11 to 92 d) to foraging grounds 1401 km away (median value, range: 785 to 1669 km) in the waters of Honduras (n = 1), Nicaragua (n = 4) and the Bahamas (n = 1). Turtles travelled at 36 km per day (grand median value, range: 8 to 75 km per day, n = 6). All 6 turtles migrated westward of the DR, with 5 heading to foraging grounds in Honduras and Nicaragua on a similar bearing (the best daily location bearings during migration for Turtle i were significantly correlated with those of Turtles d, h and j; Spearman's rho, p < 0.05). Approximately due south of Haiti, their routes diverged, differing by up to 400 km (north to south) before reaching final foraging destinations in Honduras (n = 1 turtle) and the Miskito Cayes, Nicaragua (n = 4 turtles). The 6th turtle (f; Fig. 2 ) headed north to the Turks and Caicos Islands, where it remained for 49 d, before departing and migrating onward to the Bahamas (Fig. A1 ). In the Bahamas, Turtle f made a looping migration around the most easterly islands, stopping at 3 different sites before settling in a discrete foraging area until its transmitter terminated (366 d after arrival in the Bahamas).
Environmental preferences
During migration, turtles were located over waters 1044 m deep (grand median of all turtles, inter- Fig. 3a,b) . Regional turtles migrated to foraging grounds over shallower seas than international turtles (median 801 and 75 m for regional Turtles a and b, respectively, vs. grand median 1322 m for international turtles). During foraging, turtles were located offshore on the coastal shelf in waters that were significantly shallower (grand median 54 m, IQR 27 to 109 m) than waters that they had migrated over (Wilcoxon-Mann-Whitney 2-sample rank sum test U = 76, p < 0.05) but that were not significantly warmer (grand median value for all turtles tracked to foraging grounds, 27.6 to 27.9°C IQR; WilcoxonMann-Whitney 2-sample rank sum test, p < 0.05; Fig. 3c,d ). Regional turtles likely foraged in shallower waters than international turtles (regional turtles: 7 and 58 m, respectively, vs. international turtles: grand median 78 m) but that did not differ in sea surface temperature (26.5 and 27.8°C, respectively, vs. grand median 27.8°C).
Home range size
The median home range sizes for 3 turtles tracked for the entire foraging period before re-migrating to breeding grounds were 1022, 4422 and 2122 km 2 , respectively (using α-hulls; occupied for 593, 891 and 594 d, respectively, Fig. 4 , Table A1 ). Home ranges were almost an order of magnitude larger when estimated using MCPs (2455, 18 190 and 10 071 km 2 , respectively), probably due to excursions outside of a core foraging area that were less likely to be in cluded by the α-hull method. Foraging areas for all turtles were located 80 km from the coast (grand median of all turtles, range 4 to 195 km) and were not normally in protected waters (grand median 0%, Table A1 in Appendix 1. Two turtles (a,b) remained in DR waters, and 8 turtles (c,d,e,f,g,h,i,j) moved into other Ca ribbean nations' waters. Seven turtles moved westwards from the DR (d,e,f,g,h,i,j), 5 moved into Nicaraguan and Honduras waters, 1 (Turtle f) moved north through the Turks and Caicos Islands to the Bahamas and 1 turtle moved west but transmissions stopped in Jamaican waters. Black dots: fil tered locations received from turtles; white crosses: median centroid of foraging area for turtles that were tracked to foraging areas (the transmitters on Turtles c and e failed en route). Note different scale bars. Light grey shading shows the extent of Exclusive Economic Zones (EEZs) in the Caribbean through which each turtle travelled. Repeat migrations from foraging areas back to nest again are shown for 3 turtles (g,h,j; arrows indicate direction of movement). Fig. 4 ). Considering all home ranges (including 'incomplete home ranges', n = 8; Table A1 ), home range size was not significantly correlated with carapace size (Pearson's t = 0.98, p > 0.05) nor duration for which the turtle was tracked in the home range (Pearson's t = 1.55, p > 0.05).
Fidelity
Turtles exhibited marked foraging site fidelity, remaining in core home ranges of ~2000 km 2 , with the exception of 2 turtles (Turtles h and j) that made small excursions adjacent to the shore from their core foraging areas, leading to inflated MCPs compared to their α-hulls. Three turtles were tracked from arrival at their foraging grounds until their departure to breed and nest again in the DR, migrating back in 28, 34 and 37 d, respectively (Fig. 2g,h,j) . One turtle was tracked for the duration of a second nesting sea- (Fig. 5) . Two of the 3 remigrant turtles (Fig. 2g,j) did not use the same route for their return migration, migrating instead up to 280 km distant (south and north, respectively) from their original tracks but reaching the same areas in the DR they were originally deployed in (Saona island, ~24 km across).
DISCUSSION
Movement patterns
Our data add to the picture of movement for Caribbean hawksbill turtles, supporting the hypothesis of a migratory dichotomy in which some turtles remain in waters proximate to the nesting beach and others migrate to foreign waters, many to the Miskito Cayes, off Nicaragua and Honduras. This has also been observed for hawksbill turtles from Barbados, Bermuda, Costa Rica, Cuba and Puerto Rico (Horrocks et al. 2001 , Troëng et al. 2005 , Van Dam et al. 2008 , Horrocks et al. 2011 , Meylan et al. 2011 , Moncada et al. 2012 . It seems possible that there could be an oceanographic component to this pattern if the movements of hatchling and small juvenile hawksbill sea turtles are driven by ocean currents (Luschi et al. 2003 , Blumenthal et al. 2009a .
For example, the Carib bean current empties from the Atlantic Ocean flowing in a westwards direction through the Caribbean, and if hatchling and juvenile turtles do not continue past the Yucatan peninsula, Mexico, into the Gulf of Mexico, they could instead settle out on the large offshore bank in the waters of Nicaragua and Honduras, and these could ultimately become adult foraging habitats. However, movement between mul tiple juvenile and adult foraging areas cannot yet be ruled out. The body of tracking data collected describing marine turtle migrations is now beginning to show that marine turtles regularly interact with oceanic currents (Luschi et al. 2003 , Gaspar et al. 2006 , Girard et al. 2006 , Godley et al. 2008 , Girard et al. 2009 , Shillinger et al. 2012 ), but the extent to which they are passively carried, versus actively choose surface currents, is not well understood. Likewise, it was not possible in the present study to determine the extent to which this might have been the case for hawksbill turtles from the DR.
Site fidelity
Adult female hawksbill turtles from the DR do not always appear to exhibit strong fidelity to migratory routes, varying from original tracks by hundreds of kilometres, although they demonstrate remarkable goal orientation, arriving at the same destinations from different migratory routes. It is possible that as turtles cross the Caribbean current between Jamaica and Honduras, where the current is strongest, they may be displaced from an 'ideal' track and have to Original release site, Saona Island (SI), is indicated. DR: Dominican Republic make some compensation for drift (Chapman et al. 2011) , resulting in the observed deviations from previous tracks. However, the results of our tracking confirm remarkable site fidelity, both intra and interannually, to foraging and nesting grounds. Foraging home ranges appear to be larger than was previously thought for hawksbill turtles (Meylan et al. 2011) , but this may be a result of our exceptionally long tracking durations (Hawkes et al. 2011) , suggesting that other estimates may have been too small. Taken together, these data suggest that many adult female hawksbill turtles should be found in the same foraging home ranges year after year, leaving only to breed every few years.
Assessment of habitat type and threats
The hawksbill turtles tracked in the present study (both regional and international turtles) occupied deeper waters in their foraging grounds than expected based on previously published data (Van Dam & Diez 1996 , Leon & Bjorndal 2002 , Van Dam et al. 2008 ; but see Blumenthal et al. 2009c , Witt et al. 2010a . It was not possible to ascertain whether the turtles in the present study were foraging on the benthos (i.e. reefs) at these depths or whether, as with other species of marine turtles, they have a greater dietary plasticity and could forage in the pelagic water column (Hatase et al. 2002 , Hawkes et al. 2006 , McClellan & Read 2007 , Schofield et al. 2010 , Gaos et al. 2012 ). However, Blumenthal et al. (2009b) proposed that deep dives could allow hawksbill turtles to exploit the 'sponge belt' at 80 to 120 m (see also Ghiold et al. 1994 ) and may even confer some resilience against the effects of future climate change (Hawkes et al. 2009 ). Patterns and diversity of fauna in deep offshore waters in the Caribbean are generally not well documented, particularly and unfortunately for the purposes of the present study for Nicaragua, Honduras and Hispaniola (the DR and Haiti; Miloslavich et al. 2010 , but see also Leon & Bjorndal 2002) , precluding an estimation of habitat type at foraging home ranges.
Additionally, while threats to marine turtles on the nesting beaches of Nicaragua have been documented (including harvesting of eggs and meat for local consumption; Lagueux 1998), very little is known of the threats in offshore waters, which may include by-catch in shrimping operations and harvest for meat and shell products (Lagueux & Campbell 2005) . While an assessment of threats is lacking, anecdotal evidence suggests that compliance of shrimping vessels in using turtle excluder devices to minimise by-catch of turtles could be low and that harvest for meat at sea does take place (Lagueux & Campbell 2005) .
Regional conservation priorities
Multiple tracking studies have now independently confirmed that the waters of Nicaragua, and to a lesser extent, Honduras, may be a major terminus for foraging hawksbill turtles (Troëng et al. 2005 , Van Dam et al. 2008 , Moncada et al. 2012 . The lack of data with which to describe both the habitat types and threats to turtles in these waters is a significant obstacle to understanding their ecology and conservation, and we highlight these as major information gaps. The turtles we tracked used the waters of at least 7 different Caribbean nations, all with differing legal architecture protecting hawksbills, but all of these nations have on-going marine turtle research programmes, and hawksbills are protected, at least by law, in 4 of those countries (Dow Piniak & Eckert 2011) . In a recent study, Moncada et al. (2012) suggested that Caribbean-wide conservation of hawksbills could be enhanced by strengthening the legal protection of hawksbills within each nation that hosts them. Particularly for rookeries where a portion of the population does not migrate to foreign waters (e.g. Barbados [Horrocks et al. 2001] , Cuba [Moncada et al. 2012 ], Costa Rica [Troëng et al. 2005 ], Puerto Rico [Van Dam et al. 2008] ), this provides for a realistic management framework that could be implemented immediately. Table A1 . Deployment metrics for adult female hawksbill turtles from the Dominican Republic, including curved carapace length (CCL, cm), PTT type, foraging home range size using minimum convex polygons (MCPs) and α-hull, and the duration of time tracked at foraging ground. (*) incomplete foraging (the turtle stopped transmitting before departing the foraging ground). (+): complete foraging (the turtle was tracked departing the foraging ground and returning to breed after time spent at foraging ground) 
